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ABSTRACT

The transmissivity of the atmosphere is estimated for thermal
radiation from a nuclear weapon of any given yield and height of
burst under various atmospheric conditions. Situations in which
the effective source height (for thermal radiation) is less than
one-quarter mile*, the atmosphere is unclouded and the surface of
the earth (or its covering) is of low albedo arc considered first.
The transmissivity for these situations is given in terms of a for-
mula derived from earlier experiments of the author. Situations in
which the effective source height (for thermal radiation) is equal
to or greater than one-quarter mile are then considered, and basic
transmissivity values are given in terms of effective fireball
.eight and zenith angle for the case of an unclouded atmosphere,
a visibility of about 12 mileS and a low surface albedo. Factors
are then given for modifying the basic transmissivity values to
apply to other situations, such as ones with cloud cover or haze,
and for taking into account high surface albedo. The factors for
taking account of a cloud layer above the fireball and/or a high
surface albedo are found to apply also to situations in which the
effective fireball height is less than one-quarter mile.

*The "miles" used in this report are statute miles.
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SUIMARY PAGE

The Problem:

Assessment of the thermal and fire effects of a given nuclear
weapon burst on a given target requires a knowledge of the amounts
of 4,iermal radiation delivered from the nuclear weapon fireball to
various portions of the target. This in turn requires a knowledge
of the transmissivity of the atmosphere for fireball thermal radia-.
tion.

Findings:

The transmissivity of the atmosphere is estimated for thermal
radiatior from a nuclear weapon burst of any yield and height and
for an inclusive list of sets of atmospheric and surface-albedo
conditions. Directions are given for choosing the one of these sets
of atmospheric and surface-albedo conditions that most nearly cor-
responds to any actually specified set of such conditions.

For nuclear weapon bursts with effective fireball heights (for
thermal radiation) of less than one-quarter mile* the transmissivity
of the atmosphere for the weapon thermal radiation is given in terms
of a formula involving visibility Rnd based on experiments carried
out by the present author.

For nuclear weapon bursts with effective source heights (for
thermal radiation) greater than or equal to one-quarter mile and an
atmosphere that is free of clouds and characterized by a surface
visibility of 12 miles, it is shown, by means of phenomenological
arguments and checks against experimental results, that the trans-
missivity of the atmosphere for the weapon thermal radiation may be
found (for a given burst-target geometry) by a calculation which
assumes the radiation to behave as though it were all 0.65--p radiation
passing throu h an atmosphere everywuhere two thirds as dense (optically)
as Elterman' sX'lear standard atmosphere" and were attenuated by
"scattering out" only (without "buildup" or "scattering in"). Factors

*The "miles" used in this report are statute miles.
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are then given for modifying the values calculated for this special
atmosphere to correspond to other situations, such as atmospheres
containing cloud cover or haze (factors of from C.l to 1.5), and for
taking into account high surface albedo (factor of 1.5). The factors
for taking account of a cloud layer above the fireball (factor of
1.5) or a high surface albedo (factor of 1.5) or both (factor of 2.25)
are found to apply also to situations in which the effective fireball
height is less than one-quarter mile.

iii
SP-2



CONTENTS

ADMINISTRATIVE INFORIATION .............. Insidc Front Covcr
A TZTRA •IV7 ............................... . . . . . . . . . .
SU 11 ARY PAGE ................................................ .-ý

LIST OF FIGtMIES ............................................. vi
LIST OF TABLES .............................................. vii

SECTION 1 - IflnRODUCTION .................................... 1
1.1 PURPOSE OF THIS REPORT ................................. 1
1.2 SCOPE ................................................. . 1
1.3 APPROACH ............................................. 2

SECTION 2 - TRASISMISSIVITY OF TIE ATMOSPHERE F'OR THERMIAL
RADIATION FROM A NUCLA WEAPON FrZE BALL AT
All EFFECTIVE HEIGHT OF LESS THANI ONE-QUARTER
MILE (UDICLOUDED ATMOSPHERE AND LWI SURFACE
AL:EDO) ......................................... 3

2.1 REASON FOR TIE CHoICE OF THE ONE-QUARTER MILE LIMIT ..... 3
2.2 METHOD OF ESTIMATION O THE TRANSMISSIVITY OF THE

ATMOSPHEE FOR THERMAL RADIATION FROM A FIREBALL AT
AN EFFECTIVE IMEIGIH OF LESS THAN ONE-QLUAWI= MILE
(k0CLOUDED ATMOSPIMRE AND LWI SURFACE ALSEDO) ........... 4

2.3 NOTES CONCERNING THE I.VEANING OF VISIBILITY ............. 9

SECTION 3 - TRAIISMI•SSIVITY OF THE ATIOCPh"EIE FOR THERMAL
RADIATION FROM A PrJCLEAR WEAPON FIREAILL AT AN
EFFErv"TVE HEIG!H OF OTE-QUARTER 1.91LE OR HIGHER
(UNCLWs;lýD AT4,O3SPAERE AND LW4 SURFACE ALBEDO)... 11

3 .1i DEFlITION OF THE ATTEhUATION MODEL ..................... I1
3.2 APPLICATION OF THE ATrTNUATION MODEL .................... 13
3.3 ATTEINUITION FOR A VISIBILITY OTHER TH0 THAT OF TIE

MODEL ................................................... 18

SECTION : . THEIUYAL TRANS1MISSIVITY FOR A CLOLDED ATl3SPHRE
AND OTHER SPECIAL CkSES ......................... 20

4.1 FACTORS FOR TAKING ACCOUIT OF A SIGLE CLOUD OR HAZE
LAYER ITHEN THE EFFECTIVE HEIGHT OF T:E FIREBALL IS
ONE QU =T• = IL OR MORE (LOW SURFACE ALBEDO) ........... -o

4 .2 FACTORS FOR TAKING ACCOLU.T OF ANY NULM!R OF HAZE
AND/OR CLOUD LAYERS TOGETHER WITH HIGH OR LOW SURFACE
ALDDO W]EN THE EFFECTIVE HEIGHT OF THI FIREBALL IS ONE-
QU, ATER MILE OR M E .................................... 25

iv



Page

h.3 :ACTORS FOR USE WHEN THE EFFECTIVE HEIGHT OF THE
FIREBALL IS LESS THAN OE-QUARTER MILE .................... 28

SECTION 5 - SUHMARY AND CONCLUSIONS ........................... 29

REFE ENCES ...................................... 30



LIST OF FIGURES

No.

1. Tran-missivity Tc as Gciven by Eq. 17 versus sec QT
(= S /h,) for Various Values of h- (Solid Curves)
Com.pred With Atyno.-heric Transmi sivity for Solar
LLuminous Eneror versus sec T (Dasheld Curve) ............. 15

2. Optical Thickness TP(hT) versus hT ....................... 17

3. Comparison of the 0.25-Mile Curve of Fig. 1 Replotted
(•nd Extended) as a T versus ST Curve (Curve A) With
the T versus S Curve Given by Eq. 5 for V= 12 Miles

C~i(Curve ................................................. 19

vi



LIST OF TABLES

No. Page

1. Approximate Visitilities Corresponding to Various
Atmospheric Conditions .................................. 8

2. Optical Thickness'l (hN,, ý 14...sionless) for t
Vertical Path From Altitude hT (Miles) to Sea Level.....11 4

3. Factors T' by Which the Transmissivity is 'educed
When a Cloud or Haze Layer Is Between tne Fi'-eball
and the Observation Point (Zenith Angle Near 600) ....... 21

4. Visibilities V Associated With a Single Cloud or Haze Layer
Extending up From Surface Level, ane the Corresponding
Values of T' (Zenith Angle Near 60") .................... 22

5. Values of T' Appropriate for Use with the Configure-
tions Enumerated in the Text ............................ 25



4

*1

SECTIONI 1

INTROD[U"T ION

1.1 PURPOSE OF THIS RFPORT.

The purpose of this report is to present a straightforw'ard,
credible and readily usable method of calculating the transmissivity
of the atmosphere for thermal radiation from a nuclear weapon burst.
Transmissivity for a given fireball-receiver situation is here
defined as the ratio of (1) tie amount of fireball thermal radiation
transmitted to the receiver under the actual atmosphcric con itions
to (2) the amount that would be transmitted to the receiver if
only "inverse- square" attenuation occurred.

1.2 SCOFE

The method of calculation presented in this report is intended
to be applicable to a nuclear weapon burst of any given yield 't any
given height above the earth's surfac-ý under any given atmospheric
conditikrs and a receiver with a flat surface facing the burst point.
(Such a receiver is arproxi iately optimally oriented for reception
of the thermal radiation from the we-.pon fireba]U.*) In order to

allot: the method to be usable in realistic piannirng situations, the
inp•t information used in the calculations is limited to the standard
descriptive and quantita'tive inforr.ation (e.-., cloud types, cloud
base heiights, surface visibility) that is ordinarily recorded at
airport weather bureau stations.

4

OThe albedo of the earth's :oirfacc (or its coverinr:) is assumed to
be either small (-0.15) or large (-0.T). If the albedo of the
earth's surface (C!r its coverinr) were zero and no clo,'x -over vwýre
present, the receimer rmentioned wiuld be almost exactly optinziL~y
oriented.

1
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1.3 APPROACH

The report proper begins by considering (in Section 2) nuclear
weaport bursts for which the nffec•ivc height of the source of thermal
radiation is less than one-quarter r.ile* above the surface of the
earth. For such bursts a method of calculating transmissivity is
presented in terms of a formula previously derived by the author on
the basis of experimental results. The formula in-,olves the surface
visibilit-, and in this connection some necessary comments are made
on the meanirg of visibility.

The report then considers (in Section 3) nuclear weapon bursts
for which the effective height of the source of thermal radiation
is one-quarter mile or more. For these bursts a method of calculating
transmissivity is presented for the case of a special type of fairly
clear atmosphere and a low surface olbedo.

ractors are then given (in Section 4) for modifying the trans-
missivity corresponding to the just-mentioned case to take account
of the effect of adding haze components, cloud layers and high
surface albedo--in any combination. The factor to take account of
a cloud layer bbove the fireball and the factor to take account
of a high surface albedo are to be applied independently of the
height of tie fireball. The other factors are to be applied cnly to
fire~balls whose effective height for thermal radiation is one-quarter
mile or greater.

*The "miles" used in this report arc statute miltes.

2
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SECTION 2

TRANSIZ9SIVITY OF TIM ATMOSPHERE FOR THERMAL RADIATION FROM
A NUCLEAR VEAPON FIREBALL AT AN EFFECTIVE HEIGHT OF LESS TILMN
ONE-QUARTER MILE (UNCLOUDED ATMOSPERIE AND LT SURFACE ALBEDO)

2.1 REASON FOR THE CHOICE OF THE ONE-QUARTER MILE LIMIT

For an unclouded atmosphere of the usual type, that is, one
containing a haze or smog camponent in addition to the atmospheric
gases and water vapor, it can be shown that at altitudes* below
about two miles the attenuation (other than "inverse-square" attenua-
tion) of thermal radiation from nuclear weapons (visible and near
infrared radiation) is accomplished principally by scattering by
suspended particles 1 and absorption by water vapor , with the two
types of attenuation, though differently distributed with respect to
wavelength **, being roughly proportional to each other (considering

simply their effects in decreasing the net transmission of nuclear
weapon thermal energy) over a wide range of water vapor concentra-
tions and path lengths.** A special atmosphere of this type, namely,
one in which the haze component is present but is small enough so
that the atmosphere would normally be considered clear, has been
defined by EltermanI as a "clear standard atmosphere". For such an
atmosphere the aerosol number density (number of suspended particles
per unit volume) at an altitude of 0.25 mile is about three fourths
of what it is at surface ("sea") level. 1  For an unclouded atmosphere

that is of a different clarity than the clear standard atmosphere

the number density at an altitude of 0.25 mile will usually be a

somewhat different fraction (than three fourths) of the aerosol

*Altitudes are masured with respect to "sea level". For simplicity,

surface level will be assumed to be at sea level, that is, at zero
altitude. Actually the surface level need only be at or below an

altitude of about 1 mile for the transmission formula 1 given in the

present Section (1) to be valid (for source and receiver locations

within about 0.25 mile of surface level).

*-See Section 2.

3
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number density at surface ("sea") level. bit in general the atmos-
phere cannot be considcrcd even roughly uniform throughout a thick-
ness of much more thin 0.25 mile, and we will take 0.25 mile 4- the
altitude below which estimates of thermal-radiation transmissivity
based on "surface" measurements of atmospheric parameters (such as
visibility) will be approximately valid and at or above which such
surface-based estimates will not be valid.

2.2 METHOD OF ESTI-ATION OF THE TRANSMISSIViTY OF THE ATMOSPIEE
FOR THER4AL RAIDIATION FROM A FIREBALL AT AN EFFECTIVE HEIGHT
OF LESS THA ONE-QUARTER MILE (UNCLOUDED ATMOSPHERE AND Lai
SURFACE ALBEDO)

Experiments to measure the transmissivity of the atmosphere for
visible and near infrared radiation have been carried out at near
surface level in the Zan Francisco Bay area and at the Nevada Test
Site, usinrý a spherically syranctrical source of radiation and a
receiver with a flat surface facing the source. On the basis of these
experiments, relationships of the general form

Tc (1 + k ST) (1)

and
OV = Kl, (2)

where T = transmissivity (dimensionless)C

-= attenulation coefficient (miles -i

S effective slant range for thermal radiation (miles),
T

V visibility as commonly observed (ef. 2.3) (miles),

k constant which depends on the wavelength (dimen-
sionless),

K1 constant which depends on the wavelength and the
observer'. interpretation of liminal contrast
(cf. 2.3) (dimensionless),

*For any type of atmosphere the molecuJar numoer density (total
number of gas molecules per unit volume, not including molecules
of water .T.por) at an altitude of 0.25 mile is about 9Yp of what it
is at zero altitude (sea level) 3 .
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have been found to be approximately valid for wavelengths in the
visible and near infrared regions (and not in a region of absorption
by water vapor) under a wide range of weather conditions in the
absence of off-ground clouds.4'

Equations 1 and 2 may be combined to yield

Tc = e'KlST/V (1 + K2ST/V) (3)
where

K2 f , K1 . (14)

Choices of k1 = 0.7 and K= = 2 (cf. 2.3), whence (by
Eq. 4) K2 = 1.p, were found to give a good fit of Eq. 3 to
the data points for a wavelength of 0.55 1. Substitution
of K, = 2 and K2 = 1.4 into Eq. 3 yields

Tc = e2ST/V (1.4 ST/V) (5)

Equation 5, although derived from data taken at a single wave-
length of 0.55 9, also gives a reasonably good fit to weapons-thermal
transmissivity data for surface bursts and above-surface but surface-
intersecting bursts as observed at surface stations, provided that a
suitable choice of effective thermal partition is made for each of
the two types of burst. In checking Eq. 5 against weapons-thermal
transmissivity data, an effective thermal partition of 0.21 was
assumed for surface bursts as observed at surfage stations, a thermal
partition of 0.33 was assumed for an air burst, and an effective
thermal partition of 0.27, midway between that for a surface burst
and that for an air burst, was assumed for an above-surface but sur-
face-intersecting burst as observed at surface stations. Accordingly,
these values of the thermal partition should be used with Eq. 5 in the
corresponding cases.

Note that since application of Eq. 5 is restricted to thermal
sources for which 4, -U.25 mile, Eq. 5 should not be applied for
distances ST greatef than about 45 miles, which is** the distance
to the horizon from a point of elevation 0.25 mile.

*Thermal partition L fraction of weapon detonation energy emitted as
thermal radiation. Effective thermal partition (with respect to a
given target) _ fraction of weapon detonation energy that would be
calculated as emitted as thermal radiation energy on the basis of
(1) the radiant exposure received at 'he target corrected for (i.e.,
divided by) atmospheric transmissivity and (2) an assumption that the
weapon detonation is a spherically symmetrical source of thermal
radiatior.
**Taking v•h7, with h in ft, as the distance to the horizon in miles. 7

5
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It is recommended that for points distant from the burst point
by at least several times the maximum fireball radius Eq. 5 be used
for estimation of the transmissivity T of the unclouded atmosphere
for thermal radiation reaching a givenc "observation point" (actually
an area oriented to face the source of thermal radiation) on the
surface from a nuclear weapon burst (whether a surface burst, an
above-surface but surface-intersecting burst, or an air burst) ot an
effective height (for thermal radiation emission) of less than 0.25
mile.

For surface observation points distant from the burst point by
at least several times the fireball radius,* the value of S_ may be
taken, as an approximation on the basis of geornetrics.l cons•herations,
as that of the slant ranoe SB from the burst point rinus 0.6 of the
fireba.l radius (whether the burst is a surface burst, an above-
surface but surface-intersecting burst, or an air burst). That is,

ST SB - O.6 R, (6)

where
S effective slant range for thermal radiation toT given observation point P,

SB= slant range from burst point to observation point P,

R fireball radius = radius of non-flat portion of fire-
ball surface at time of second thermal maximunn, and
ST, SB and R are all in miles.

In order to decide whether or not Eq. 5 is applicable to a
given surface or ver-low-altitude burst, one needs to know the
effective (for thermal radiation" hcig-ht of the thermal source (fire-
ball). Let us call this height hT.

*Unles otherwise indicated, "fireball raiiiis" = radiuis of the non-
flat portion of the fireball surface at time of' second thermnal max-
imum. The "fireball radius' thus defined is about 4/5 of the mxir',m
fireball radius and is considered to be the effective fireball radius
for thermal radiation.

**Note that hT, the effective height of the fireb9..l for thermal
radiation, ought not to be called an effective hci,,,ht "of biu-st"
for thermal radiation, since it ..ill not in general be the samc as
the effective height of the weapon considercd as a soircc of bl.st.
The latter effective height is corventionally taken as identical
with with the actual height of burst.

2.2



For an air burst and surface observation points distant by at
least several fireball radii from the burst point the value of Ym
may be assumed approximately equal to that of the height of burst h,
while for a surface burst (and for observation points as mentioned)
l may be taken, as an approximation on the basis of gcometrical con-

derations, as 0.4 of the fireball radius.

For an above-surface but surface-intersecting burst (i.e.., fire-
ball), that is, one which is neither close enough t3 the surface to be
classed for practical purposes as a surface burst nor far enough off
the surface to be classed for practical purposes as ar air b'irst, N!
may be taken (for observation points as :,entioned) a- approximately
0.7 (i.e., midway between 1.0 and 0.4) of the fireball radius.

Thus, we will make use of the following relationships:

iT (air burst) = h, (7)

bT (above-surface but surface-intersecting burst)
= 0.7 R, (8)

1ý (surface burst) = 0.4 R, (9)

where 1;, and R have been defined above, h a height of burst, tnd
., R aMd h are all in miles.

In calculating the fireball radius R for a given type of fireball
(from bursts at altitudes of less than about 30 miles), one may use
the appropriate one of the following approximate relationships: 8

R (air burst) 0 o.41 WO'35eO'o 4 65h, (10)

R (above-surface but surface-intersecting burst) (ii)

= 0.47 W0 "3 5 e0o" 4 65h,

R (surface burst) - 0.53 wO'35e0o"0 65h, (12)

where R is in miles, W is the weapon yield in MT., and h is
the altitude in miles of the burst point above sea level.*

*Note that the applicability of Eqs. 10, U. and 12 includes but is
not restricted to situations in which surface level is at sea level.

7
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Eq. 10 includes the assumptions that R is proportional to ((P1'A.)-0.2

where and e. are the air densities at altitude and at sea level,
repcively., and that?

e = e, e- h/4.3. (13)

Eq. 12 is derived from Eq. 10 on the assumption that for a given
yield the volume of the (hemispherical) fireball of a surface burst
is equal to the (spherical) volume of the fireball of an air burst.
The initial coefficient in Eq. II was chosen to give a result midway
between the results of Eqs. 10 and 12 for given values of W and h.

On the basis of Eqs. 7 through 12 it can be shown that the
limitation of the use of Eq. 5 to paths lying below h, 0.25 mile
means that Eq. 5 cannot be applied to nuclear weapon hurst 2 of
yields greater than 0.24 NIT in the case of an airburst, 0.45 MT*
in the case of a typical above-surface but surface-intersecting
burst, and 1.61 -IT in the case of a surface burst.

In using Eq. 5 to estimate thermal irradiances in cases where
the visibility is not known, the following table 10 of correlations
between atmospheric conditions and visibility may be used.**

Table 1

Approximate Visibilities Corresponding to Various
Atmospheric Conditions

Atmospheric condition Approximate visibility (miles)

Very clear 30
Clear 12
Light haze 6
Haze 2.5

*The value of 0.45 MT corresponds to an above-surface but surface-
intersectin.r burst for which the fireball radius (chosen on the basis
of Eq. 8) is about 0.36 mile.

F**Gee also 4.1

8
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2.3 NOTES CONCERNING THE IMAANING OF VISIBILITY

The "visibility" for a given locality is an estimate of the
"visual range"for that locality, that is, an estimate of the dis-
tance at which an object "of reasonable size" can be distinguished
from its background (that is, will have "liminal contrast" with its
background) in daylightI-1  In practice such an estimate is made by
deciding which one of a number of objects located at known distances
from the observer is the mcst distant one that can be seen fairly
clearly. Similar estimates made at night using lights located at
known distances from the observer are also, by extension of the
concept, called "visibilities".

The term "meteorological range" is more clearly defined12 than
visibility and has scmetimes been (incorrectly) used interchangeably
with visibility. On the basis of limited evidence1 3 the present
author concludes that the visibility as co-.monly observed (e.g., at
airport weather stations) is about one-half the meteorological
range. (In special experiments conducted specifically to ccmpare
visibility with meteorological range, the visibilty was found to be
about three fourths of the meteorological rarge.14) Thus if we
define o = attenuation coefficient (miles' 1 ), R = meteorological
raný (miles), and V = visibility as commonly otserved (miles), we
hav•

w R = 3.912 (14)

and
1 3

wV 2- 2. (15)

The result reported for the visibility in a given situation
trill depend not only on the scattering and absorbing properties of
the atmozpherc, but also on the angular subterse of the object (from
the location of the observer), the color of the object, the back-
ground luminancc, and the observer's interpretation of liminal
contrast. For an estimate made in dayli.ht and based on observation
of a nu.mbcr of very dark objectq (that is, objects with intrinsic
luminance of close to zerol 5 ) against the horizon sky, the result
will not depend appreciably on the absorbingv properties of the
atmosphere nor on the position of the sun.15

Because of the rather ill-defincd nature of visibility, fonmtula
5 should be treated as purely erpirical. No attempt will be made to
derive thin formula fror. elo-,entar/ consideraaions, cetcept tW state
that is is of a form that would be expected on• the basis of attenua-
tion by scatterinM alone, that is, an expo.entia1 attenuation factor
multiplied 17 a "buildup" factor. To the present a,,thor this
indicates that for a vide r•wnie of witer .rpor concentrations and

~ ,



path lengths and for the sum of the visible and near-infrared energy
emitted by a nuclear-weapon explosion the energy attenuation due to
scattering is roughly proportional to the energy attenuation due to
water vapor absorption. For a given number of condensation nuclei
one would, in general, expect more water droplets ýscattering par-
ticles) for a higher concentration of water vapor (absorbing
material) .* It is certainly not true (though it is often stated
to be so) that for a wide rango of water vapor concentrations
practically all of the weapon thermal energy in the wavelength
subregion where absorption by water vapor occurs will be absorbed
in the first few miles of path.1 6 "

"More specifically, one would expect (the concentration of droplets
for a given concer~tration of condensation nuclei and hence) tht
attenuation coefficient for scattering to be a mon't~nic increasig.
function of the relative humidity, while the attenuation coefficient
for sbsorption is in ý7eneral & monotonic increizing function of the
ab~olute humidity. Also, the scattering attenuation removes energy
pri--arily from the "blue" end of tim ener,-y region in question,
wnle the absorptlan attenuation removes energy from the "red" end
(namely, from, the reCions of the H20 absorption bands).

*WThij reference shows the true situation.

2.3
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SECTION 3

TRANSMISSIVITY OF THE ATMOSPHERE FOR THERMAL RADIATION FROM
A NUCLEAR WEAPON FIREBALL AT AN EFFECTIVE HEIGHT OF ONE-
Qua TMILE OR j[IGHER (UNCLOUDED ATMOSPHERE AND LOW SURFACE
ALBEDO)

3.1 DEFI-NITION OF THE ATTEWJATION MODEL

A model of a 'clear standard atmosphere', that is., an atmcn.phere
which, though containing a haze component, is normally spoken o! as
"cLear', has been developed by Elterman (cf. 2.1), who eives1 optical
thicknesses based on this model for vertical paths fr•x surface level
(more precisely, from sea level) to altitudes of from 1 to 50 km (by
1-bm. intervals) and for each of twenty-two waveleng-ths in the 0.27 to
4.O-p rel;gon of the spectrum. The optical thicknesses given by Elterman
take into acco-int absorption by ozone. However, the infrared wave-
lengths chosen are :utside of the absorption bands of the iifrared
absorbing vupors and gases present in the atmosphere.* Thus, except
for taking into account absorption by ozone, the optical thicknesses
given by Elterman for the visible and near infrared regions (the
siGnificant regions of the thermal radiAtion citput spectrum of a
nuclear weapon as far as near-sea-level receivers are concerned) are
based on scattering only, in !*act, on 'scattering, out" only (neglecting
"buildup" or "scatterlrg in"), and do not take absorption into account.
On the basis of the fact that the scattering-only transmisaivity ---
taking into account scatteriri, out and also buildup or scattering in ---
for 0.55 p was found (cf. 2.2) to be apprcximately equal to the overall
tra•.smissivity for the thermal rndiation effectively emitted* by a
nuciear weapon fireball at an effective height (for thermal radiation)
of less than O.2S mile an' the fact that the attenuation coefficient

*The most important of these is HO. The second most important is
CO. Of considerably less importaince are N2 0, CH4 and CO.

4HIThat is, reaching, points beyond the immediate vicinity of the

fireball. 17

11
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for scattering (i.e., scattering out) decreases with increasing
wavelength,* one may surmise that the scattering,-out transmissivity
for a somwc¶hat higher wavelength than 0.55 p might also give a
reasonably good fit to the overall transmissivity. A check shows
that this appears in fact to be the case. The check is made for a
s-tuation of low surface albedo and an atmosphere which is cloudless
and characterized by a surface visibility of 12 miles, and is based
on the use of two thirds of the "extinction" optical thicknesses
as given by EltermanI for 0.65 P.

The optical thicknesses given in ref. 1 are there stated to be
for a "meteorological ratre of about 25 kin" (--16 miles) "at sea
level". Hence they should be valid for an 8-mile visibility (cf. 2.3).
To Cet the corresponding overall optical thicknesses T for a 12-mile
visibility, v•e take t¶0o thirds of the "extinction" optical thicknesses
given in ref. 1. This procedure is carried out on the basis of the
assumption that for a given burst-receiver geometry and for the range
of visibilities (8-12 miles) in question

-rV Y Vconstant, (16)

wherea r is the optical thickness (dimensionless) for the slant path
involved and V is the visibility (miles). (Eq. 16 may be regarded
as a generalization of Eq. 15.) Actually, chan-es in visibility in
an atmosphere which does not contain fog, are primarily duc to changes
in the Mie-oarticle component of the atmosphere (or the "aerosol"
component, to use the nomenclature of Elterman 1 ). However, it is
more convenient, and not appreciably different in result, simply to
apply a factor of two thirds to the sum of the components.** Thus,
let us suppose that one takes two thirds of the "extinction" optical
thicknesses as given by Elterman for 0.65 p and, ncglectiniý buildup,
calculates trnn-nissivity for any giver, slant path. When this is
done for a -vide range of source altitudes and slant-path lengths,
it is found that the variation of the calculated tran=..issivity

*For cxarple, letting cr be the attcnuatiop coefficient fore- 3ctter-
.in7 and X the wavelen-0t•, ". have e_" *W-. for Raylýirh :catterin-
and O= X -0.7 for scattcrir.7 by Th orzilnary hn_-c. -

*It can readily be aherm that Elter-.mn's treat.-ent implies that the
"exti-ctiýn optical t.Sc--ness for a ,ivcn vavelenTth and zl-nrt path
is equal to the sum of the Raleigh, "ozone" and "aerosol" optical
thicersses for that wav•lenth and path.
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with source altitude and slant-path length is qualitatively as expected
and that, as will be shown below, for source altitudes of 20 miles or
more the calculated transmissivities correlate appropriately with those
for luminous solar radiation and a clear atmosphere, while for a source
altitude of 0.25 mile the calculated transmissivities correlate appro-
priately with those calculated from Eq. 5 (valid for nuclear weapon
thermal radiation and for source altitudes below 0.25 mile) on the
basis of a 12-mile visibility.

For in-atmosphere bursts in the megaton range* a wavelength of
0. 6 5P appears to be close to the average value of the wavelength
at which (per unit wavelength interval) the maximum amount of thermal
enerry is emitted (more precisely, measured). It should be noted,
however, that 0.65 p is not the wavelength above and below which
equal amounts of thermal ener i-y are emitted (more precisely, measured).
The latter wavelength is in fact approximately 0.8 p. However, the
atmospheric attenuation of 0.8-p radiation, a weak attenuation by
scattering only, cannot be taken as even roughly characteristic of the
atmospheric attenuation of the weapon thermal radiation, since the
band of weapon thermal radiation of wavelength shorter than 0.8 v is,
considered as t whole, fairly strongly attenuated by scattering and
the band of weapon thermal radiation of wavelength longer than 0.8 p
is, considered as a whole, fairly strongly attenuated by absorption.
But the atmospheric attenuation of O.uS-g radiation, a fair strmn&
attenuation by scattering, can be taken as roughly characteristic of
the atmospheric attenuation of the weapon thermal radiation, as the
arzuments presented above have shown.

?.2 APPLICATION OF THE ATTENUATION MODEL

For low surface albedo ane an atmosphere which is cloudless and
characterized hy a surface visibility of 12 miles, transimissivities
for thermal radw:tion from in-atmosphere nuclear bursts, based on
two thirds of Elterman's results for 0.65-P radiation, are given in
Fi',. I for vnrious effective (for thermal radiation) slant paths as
a function of sec 9 ! /•/, where Q is tne effective zenith angle
(for thermal radiation) f the firebaJl (i.e., 9.T is the anrle between
the effective slant path and the vertical), S is the effective slant
ranne for thermal radiation,** (withh in thJ same units as ST) In
particular, transmissnivities Tc are plVttcd in Fig. 1 as a funttion

*The stme staterfnt anears to be true also for in-atmosphere bursts
in the kilotot. ran.e.1f

*-For equations :-ivin- ST mnd h. in terms of "ore co.-Lonly used para-
reter., see 3ectioi: .
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Of see 0, for hr = 0.25, O.35, 0.5, 0.7, 1, 1.5, 2, 3, 5, 10, and 20
miles. The equations uned in plotting the curves in Fig. 1 are of
the form

Tc = e" (T) sec T, (17)

where 'r (hC) ij the optical thickness for radiation of wavelength
0.65 p of vertical path from the surface level1 (assumed to be at
dea level) to altitude h.. The values of -r (h, ) corresponding to
the values of hm listed above were found by gr&phical interpolation
in Fig. 2, which is a plot of column 1 (in miles) and two-thirds* of
colimn 8 of Table 5.13 of ref. i, and are given in Table 2.

Table 2

Optical Thickness lr(htk) (Dimensionless) for a Vertical Path From
Altituae hT (Miles) to Sea Level

h.T (t,-les')

0.25 0.0310
0.35 0.04143
0.5 m.0603
0.7 0.0777
1.0 0.0952
1.5 0.1130
2 0.1239
3 0.1341
5 o.i426
10 0.1531
20 o.1662
30 o.168o

,•:00 o.168o)a

aBased on column 9 of Table 5.13 of ref. 1.

•See fouath footnote to 3.1

3

3.2



NRDL 462-66

0.9 .... ....

0 7 .. ... ... ...

_. I.L. ....
0 T~~~~~.. ... ....~ Q 30 50 85 6

012 46 81021416820224262
...e.. ..

Fig. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .. 1.. Trn.i.ivt T.. asGvnb.q 7vru e ~/ o
Various~~~~~~~~ Vaue of. ... (SldCrvs.opre.ihAtopei

Trn0siiyfo oa uiou nryvrussc& Dse
7uv) h ubrAjcn oEc oi uv ie h

Corresponding Va. of. h.(Mle)

15



It is evident frorm Fig. 1 that (as woould be expected) the trans-
missivity T (as given by Eq. 17 and either Fig. 2 or Table 2)
decreases fCr a given 9 as h• increases. From the last three pairs
of entries in Table 2, Tt is •vident that the decrease in T (for
given 9 ) as hN increases from 20 miles to 30 miles is smali compared
to the Kalue ot T for h_ = 20 miles and that the decrease in T as hT
increases from 30%miles to infinity is (to within the accuracy 8 f
Fig. 2 and Table 2) zero. Thus the curve (or the corresponding
analytical expression, of the form of Eq. 17 and wirth T(hr) = 0.1662)
for hT = 20 miles may be used for estii.ating T (for given 9 ) for

?: 20 miles*. For > 20 miles this will give a slightly con-
s~rvative, i.e., high, )esult for T • Similarly the 10-mile curve
may be used for 20 miles hT ?_ 10 mciles, the 5-mile curve for 10
miles > bp' :t 5 miles, the 3-mile curve for 5 miles > ht Z: 3 miles,
the 2-milt curve for 3 miles > hT Z 2 miles, the 1.5-mile curve for

2.0 miles > 1, > 1.5 mile, the 1.0-mile curve for 1.5 mile > h•
1.0 mile, the 0.7-mile curve for 1 mile > > 0.7 mile, the 0.5-mile
curve for 0.7 mile > b1 >_ 0.5 mile, the 0.3$-mile curve for 0.5 mile
> ba0.35 mile, and tie 0.25-mile curve for 0.35 mile > ' >- 0.25

mile. In any given case the corresponding analytical expression, of
the form of Eq. 17 and with T (hT) as given in Table 2, can, of
course, be used instead of the indicated curve. Again, if for given
values of and ST a better approximation to T or -r(h) is desired
than that given by use of a specific curve of Fig. 1 or a specific
value of -T(hT) from Table 2, interpolation in Fig. 1 or Table 2, orin Fig. 2, which is a "plot" of Table 2, may be used.

Comparison of the 20-mije curve with a transmission curve for
direct plus diffuse solar luminous radiation (0.J12 to 0.7 p, with
peak at 0.556 p) given by Passell19 and reproduced (dashed curve) in
Fig. 1 shows that the transmissivity of the atmosphere for direct
plus diffuse solar luminous radiation (peak at 0.556 p) is not much
different from the transmissivity of the atmosphere for direct plus
diffuse thermal radiation from a nuclear weapon fireball (peak at
0.65 P) at l, >_ 20 miles. The solar radiation, being of shorter
average wave length taan the fireball radiation, undergoes more
scattering out than does the fireball radiation. However, the dif-
ference in scattering out is to a great extent made up for (or, in
the case of zenith angles greater than about 86 degrees, more than
made up for, as may be seen from Fig. 1) by the additional scattering
in of the solar radiation that results from its illuminating a larger
portion of the atmosphere than does the fireball radiation.

*A curve for b = 30 miles (which would be the same as the curve for
S)would, if drawn on Fig. 1, be so close to the curve for 'IT

miles as to be indistingiishable from it.
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As was pointed out in 2.2, for nuclear weapon bursts having
br < 0.25 mile Eq. 5 shoul4 be used. To allow comparison of the
results obtained by using Eq. 5 with the results obtained by using
the 0.25-mile curve of Fig. 1 (or the corresponding analytical
expression Tc -e-O.0310 sec QT, or inserting ST (miles)/0.25 (mile)
for sec O, To I e'O-.240ST), the 0.25-mile curve of Fig. 1 is
replotted (and extended) in Fig. 3 as a Tc vs ST curve along with
the Tc vs ST curve corresponding to Eq. 5 for V = 12 miles. It is
evident from Fig. 3 that the two curves are in rough agreement and
that for ST less than about 41 miles (which covers almost the entire
range of applicability of Eq. 5 -- cf. 2.2) the result given by Eq. 5
(for V = 12 miles) is somewhat greater than that given by the 0.25-
mile curve, while for ST greater than about 41 miles the result
given by Eq. 5 is somewhat smaller than that given by the 0.25-mile
curve.

3.3 ATTENUATION FOR A VISIBILITY OTHER THAN THAT OF THE MODEL

For the case of low surface albedo and a nuclear weapon burst
having hT :0.25 mile an estimate of the effect on 'r of a visibility
V different from 12 miles may be obtained by means of expedients
which will now be presented.

For V greater than 12 miles but not more than 20 miles, it is
recomnended that Eq. 16 be assumed valid and that, accordingly, the
-r values of Table 2 be modified by a factor 12/V (with V in miles).
The same procedure should be used for V less than 12 miles but not
less than 8 miles (Cf. 3.1).

For V greater than 20 miles it is recommended that the rvalues
corresponding to V = 20 miles be used, since visibilities greater
than about 20 miles would normally be recorded with the observer
and/or the observed object at a considerably greater elevation
than the average elevation of the intervening terrain and hence
should probably not be regarded as true "surface" visibilities.

Situations in which V is less than 8 miles will ordinarily be
accompanied by light or heavy haze or fog. Transmissivities for
these situations (and for other situations not yet treated in the
present report) are treated in Section 4.

18
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SECTION 4

THERMAL TRANSMISSIVITY FOR A CLOUDED ATMOSPHERE AND OTHER SPECIAL
CASES

4 .1 FACTORS FOR TAKING ACCOUNT OF A SINGLE CLOUD OR HAZE LAYER
WHEN THE EFFECTIVE HEIGHT OF THE FIREBALL IS ONE-QUARTER MILE
"OR MORE (LOW SURFACE ALBEDO)

In calculating thermal input (radiant exposure) at a point*
having a single layer of clouds between it and the effective origin
of the thermal radiation (assumed here to be at a height of one-
quarter mile or more), an appropriate factor, which we will call T',
should be multiplied by the clear atmosphere transmissivity Tc, as
obtained from Eq. 17, to give the overall transmissivity T (T = T T').

C

Use of the formulation T = T T' implies the assumption thatc
the cloud or haze layer does not replace any considerable portion of
the atmosphere for which T has been calculated, that is, any portion
contributing a considerabli part of that atmosphere's optical thick-
ness. This assumption is correct to a first approximation. It is
evident, however, that for a cloud or haze layer of given composition
and altitude the approximation is better if that cloud or haze layer
is of small vertical extent than if it is of largz vertical extent.
It is evident also (cf. Fig. 2) that the approximation is better for
a given cloud or haze layer at high altitude than for the same cloud
or haze layer at low altitude.

The transmission of a cloud or haze layer depends on the density
of the cloud or haze layer and on the particle size. The nature of 20
the dependence has been studied theoretically for clouds bry Hewson.
However, it is more useful in the present applic-tion to establish
relationships between cloud- or haze-layer transmission and cloud or
haze type, or between cloud- or haze-layer transmission and the apo
pearance of the cloud or haze layer (or of the sun and sky with the
cloud or haze layer present) to an observer at the surface of týe

*Actually a receiver with face normal to a line from. it to the effective
thernal source. Also, a situation of low surface albedo is considered,
unless otherwise n-entioned. (High-surface-albedo situations are con-
sidered below.)

20
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earth, than between cloud- or haze-layer transmission and cloud or
haze density and particle size, since it is cloud or haze type or
cloud or haze appearance, not cloud or haze density and particle size,
that is usually observed.* The relationship between cloud-layer 21
transmission and cloud type was studied experimentally by Haurwitz,
and the relationship between cloud- and haze-layer transmission and
cloud- and 2 aze-layer appearance was studied experimentally by Jones
and Condit. The results obtained by these (three) investigators may
be used as the basis for a choice of values of T' corresponding to
various types of clouds and hazes. Values of T' chosen on such a
basis and appropriate for use with zenith angles near 600 are given
in Table 3. A correction factor for use with zenith angles not near
600 is given below.

Table 3

Factors T' by Which the Transmissivity Is Reduced When a
Single Cloud or Haze Layer Is Between týe Fireball and the
Observation Point (Zenith Angle Near 60v)

Type of Cloud or Haze Layera T( 0 )

Light haze (sky white, almost dazzling 0.7
near sun)

Medium haze (sky bright gray-white) 0.5

Heavy haze (sky dull gray-white) 0.4

Light cloud (sky light gray) 0.3

Medium cloud (sky dull gray) 0.2

Heavy cloud (sky dark gray) 0.1

aAs visually observed with the sun at a zenith angle of about 60.

The restriction on the sun's zenith angle at the time of observation
is imposed in order to allow correlation of a given observed (sun and)
sky appearance with a definite set of atmospheric conditions. (See
below.) For mire complete descriptions of the appearance of the (sun
and) sky for each cloud and haze type, see ref. 22. For no cloud or
hare layer present, T' = 1.

The values of T' given in Table 3 are actually taken from Fig. 5
of ref ;a vd are based on (and referenced to) the work of Jones and
C onit di Te assignment of an effective zenith angle of to *he"
i5 ma'e (by! Vhe present author) on the basis of a comparison of (1)

* Cf. ref . 21.
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dsta taken by HaurwiTz 21 on transmission of high, middle and low
clouds* for a horizontal (upward-facing) receiver and adjusted by
Passell to correspond to a receiver facing 'he source** with (2)
values of the transmission+"- of light, medium and heavy clouds as
calculated from the ratio of the "luminous density" at sea level with
the cloud pesent to the "luminous density" at sea level for a clear
atmosphere (cf. Table XIV of ref. 22 snd Fig. 5 of ref. 19). The
comparison shows that the ijansmission values for the high, middle 1 9
and low clouds of Haurwitz (as adjusted in the manner of Passell -to
correspond to a receiver facing the source) for a zenith angle of -30
correspond respectively to the "luminous-density" transmis !on values
for the light, medium and heavy clouds of Jones and Condit -- **. For

* Jgh clouds (height of base ranging fromr2 bout 20,000 ft (600o m)
up ) for which data are given by Haurwitz are cirrus and cirro-
stratus. Middle clouds (height of bo•e ranging from about 6500 ft
(2000 m)2jo about 20,000 ft (6000 m) j) for which data are given by
Haurwitz are altocumulus and altostratus. Low clouds (bag ranging
from near the surface to a heigh~lof about 6500 ft (2000 m) ) for
which data are given by Haurwitz are stratocumulus, stratus, and
nimbostratus. Ref. 21 (Haurwitz) does not' give transmission data
for cirrostratus 2 a type of high cloud), nor for clouds with "verti-
cal development" (cumulus, cumulonimbus and mammatocumulus).

SPassell19 actually makes two adjustments. In one of them he does
not include a correction factor to take account of the portion of the
receiver field of view that- is occupied by the earth and in the other
he does include Such a correction fac'or but also essentially assumes
the albedo of the earth to be zero. An average of the two adjust-
ments has been used In this work.

**4 These are the values of T' given in Table 3 for the three types
of cloud layers included there.

**** The latter transmission values are, by design, correlated directly
with the appearance of the sun and sky. According to Jones and Condit"
the appearance of the sun and sky for a given set of atmospheric con-
ditior.s will usuall,: be a function of solar zenith angle, as will the
" luninous-density" transmission, but a -iver apeqrance of sun and sky
will correspond to the same "luinous-dencity" transmissi'r %dalue re-
;?:&rdless of the solar zenith anrie. (Thi:s a 4iven appearance of sun
and s)ky corresponds to different sets of atmospheric conditicns for
different zenith an.il'z.)

22

4.1



example, the T values 0.2 and 0.1 given in Table 3 for medium and
heavy clouds and 9 = 600 may be seen to be, respectively, a rounded-
off average of the four values P0.25, 0.17, 0.20 and 0 13) given in
Table III of ref. 19 for 0 = 60 for the middle clouds altocumulus
and altostratus and a rounded-off average of the six values (0.17,
0.11, 0.12, 0.08, 0.10 and 0.07) given in the same table for G = 600
for the low clouds stratocumulus, stratus and nimbostratus.

If any of the cloud or haze layers listed in Table 3 extends
up from surface level, that cloud or haze layer will normally be
associated with a fairly narrow range of visibilitier. It is
accordingly possible to make a rough assignment of surface visibility
to the on-surface presence of each type of cloud or haze layer listed
in Table 3, and tgence to each corresponding value of T'. Specifically
it may be assumed that the visibilities, cloud or haze layer types,
and values of T' are associated as in Table 4.

T,



.able 4

Visibilities V Associated With a Single Cloud or Haze Layer
Extending up From Surface LSvel, and the Corresponding Values
of T' (Zenith Angle Near 60 )

Type of Cloud or Haze Layer
Extending up From Surface Level V (mile js (0 .- 60°)

Light haze 6 0.7

Medium haze 3 0.5

Heavy haze 2 o.14

Light cloud (thin fog) 1.2 0.3

Medium cloud (light fog) 9., 0.2

Heady cloud (me aun to thick fog) 0.5 mile 0.1

or less

For visibilities of 8 miles or more (unclouded atmosphere, low
surface albedo, and effective fireball height one-quarter mile or
more) the overall transmnissivity should not be calculated as T =
Tc T', but instead Should be calculated in the manner indicated in
3.3.

For a nuclear weapon fireball at an effective height of less
than one-4uartter mile, the transnissivity T should also not be
obt&ined as Tc T'. Instead the appropriate value of V should be
used in Eq. 5, which will give the overall transmissivity directly.
It shoý::d be noted, however, that while Eq. 5 has been verified for
hazes on the surface, it has not been tested exrerimentally for
clouds on the surlace (or fog:).

A has already been 'ndic•Aed, the values T' gdven in Tables 3
and h corres.nnd to actuil valkes of trvnsrission of nuclear weapon
ther.•al radiation throw-h the --arious haze or cloud types for ele-
vation ar.cs of ab'out 3D , or .-enith an.;es of about ((oD . For a
fireball abo3e a cloud or haze layer, The derree of sphericity of the!-•[ar diuury representing the intensity and distribution of the scat-
tered rlus direct fireball-thermal radiation that emeres from any
n-•L arew on the bottfin of the layer will usually be less If the layer
is a ha-e than if it is a cloud. (Cf. Fi'. 22 of ref. 22.) Hz-wever,
for either tv-e of :ayer (with the restriction 'n the case of l"ght
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0
haze to a firebral] not occupying a field of view of more than about 2°)
the radirLtion received by an optimally oriented 180 -field-of-view
receiver beI.ow the layer will be (all or) practically all scattered
ra'liation. (Cf. Table XIII of ref. 22.) For any of the types of

cloud or haze listed in Tables 3 and 4 and for g given value of zenith

angle 0 greater than 300 and less than about 80 , the value of T' as

-j veii Tn Tablcs 3 and 4 niayobe corrected by use of a factor cgs e/cos
600. For @ Z 800 or 0a @30 the correction factor for 9 = 80 or 9 =

300, respectively, should be used, since at zenith angles above 800 or
below 30 a chan;ge in zenith angle (for cloud or haze thickness'"S)
would not be expected to be accompanied by an appreciable change iW

cloud or haze transmission. (Cf. Table III of ref. 19).

For a surface or near-surface fireball that is below a complete
and sufficiently thick cloud cover a limited amount of datal 3 ,2 1

indicates that the ratio of the amount of thermal energy delivered
onto a flat target facing the fireball to the amiount that would be
delivered in the absence of clouds increases from 1 at very short
slant ranges to about 2 at slant ranges which are equal to between

about 5 and 12 times the height of the clouds above the surface.* For

larger .slant rapges this ratio decreases somewhat, but remains greater

than unity.1 3 , 2 4 For fireballs below a less complete or less thick

cloud cover (or a complete cloud cover that is not complete in any

single layer) the effect of the clouds in enhancing the transmissivity

will not be so great.

Since for high-yield weapons important thermal effects can occur

at ranges considerably greater than 12 times the height of the clouds

above the surface, use of a compromise factor T' = 1.5 for all slant
ranges for the fireball-below-complete,.cloud-cover situation would

seem to be reasonable, and this procedure is recomnended. It should

be used for effective fireball heights (for thermal radiation) equal

to or greater than one-quarter mile as well as for those less than

one-quarter mile (for which it was found experimentally).

4.2 FACTORS FOR TAKING ACCOUNT OF ANY NUMBER OF HAZE AND/OR
CLOUD LAYERS TOGETHER WITH HIGH OR LO0 SURFACE ALBEDO WHEN

TIME EFFECTIVE HIEIGHT OF THE FIREBALL IS ONE-QUARTER MILE OR MORE

For practical purposes any given atmosphere-fireball configura-

tion can be reduced (for a surface-level observation point) to one

of the follcnwing four:

*Clouid albcdo •'or radiant energy with wavelength distribution corres-

ponding approximately to that in question here) is in general a mono-

tonic increasing function of cloud thickness and cloud density and can

range from about 0 to about 0.8.20 A combination of cloud thickness

and density sufficient to give an albedo of about 0.5 or greater is

assumed here. For coastal stratus clouds, for example, this corresponds

to a cloud thickness of about 500 ft or greater. 2 5

25
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1. clear atmosphere,

2. off-surface cloud or haze layer, fireball below it,

3. off-surface or on-surface cloud or haze layer,*
fireball above it,

4. off-surface cloud or haze layer and off-surface or
on-surface cloud or haze layer, fireball between them,

and in each case the surface aibedo may be low (-0.15) or high (-0.7 5 ).**
In reducing a complex situation to one of these cases, one should con-
sider only the nearest approximately complete cloud or haze layer above
the fireball and the nearest approximately complete cloud or haze layer
below it. If the fireball is pertly above and partly below a cloud or
haze layer, the two parts of the fireball should be considered as
separate thermal sources.

Configurations 1, 2 and 3 have already been treated above (con-
figuration 1 in Sections 1 and 3, and configurations 2 and 3 in the
present Section 4) for low surface albedo. For high surface albedo
and configuration 1, 2 or 3 the T' as specified for the corresponding
low-surface-albedo situation should be increased by a factor of 1.5.**

*Note that an on-surface cloud layer is 9 fog.

**Surface albedos "range from about 5 per cent for forests to 25 per
cent for deserts; green fields, humid earth, etc., have intermediate ,2
"values. Snow reflects 65 - 89 per cent, depending on its freshness.''26

An urban-area "surface" without snou cover should be assumed to have a
low albedo (-0 .15), while an urban-area "surface" with a snow cover
should be assumed to have a high albedo ('0.75).

NKNFor convenience the factor corresponding to the transmissivity
increase arising from a surface of high albedo below the fireball and
observation point is taken equal to that corresponding to the trans-
missivity increase frcm a cloud layer above the fireball and ob rva-
tion point. Actually, judging fran Cantor's experimental data,cr the
effect of a surface of high albedo below the fireball and observation
point mnay be somewhat less than that of a cloud layer above them.

4.2
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For example, a value T' = 1.5 should be used for configuration 1 if

the themnal source and the observation point are above a :.urface of

high albcdo, and a value T' = 2.25 should be iised for configuration 2

if the thcrmrtl source and the observation point are between a cloud

deck and a surfecc of high albcdo.* For configuration I and either

low or bhgh surface albedo a T' of 1.5 times that of the corresponding

case of configuration 3, i.e., the case of configuration 3 which has

the same off-surface or on-surface cloud or haze layer below the

fireball, should be used.

A summary of the values of T' appropriate for use with each of

the four configurations for cases of lotw or high surface albedo is

given in Table 5.

Table 5

Values of T' Appropriate for Use With the Configurations Enumerated in
the Text

Configuration Surface
nimber albedo

1 low 1

1 high 1.5

2 low 1.5

2 high 2.25

3 low As given in Section 4.1

3 high 1.q times T' for corresponding low-
surface albedo case of config. 3

4 low 1.5 times T' for corresponding low-
surface albedo case of config. 3

4 high 1.5 times T' for corresponding high-
surface-albedo case of config. 3

*For optical thicluiess rD• 1 (or, using Eq. 15, Section 2, D Z 0.5 V,

the range of greatest interest for thermal cffects), these values of

T' are in reasonably good agreement with experimental results reported

by Cantor.27
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14.3 FACTGQS FOR LEE WHEN THE EFFECTIVE HEIGHT OF THE FIREBALL IS LESS

THAN ONE-QUARTER MILE

Actually the factors given in 4.1 and 4.2 are applicable (in
the respective situations described) regardless of the height of the
fireball. However, for clarity it is here recalled that the basic
situation considered in 2.2, in wrhich the fireball was assumed to be
at an effective height of less than one-quarter mile, was one in uhich
the surface was of low albedo and the fireball was essentially immersed
in a haze extending up from surface level. The principal variants
from this basic situation (but with the effective height of the fire-
ball remaining below 0.25 mile) are those corresponding to the addition
of (1) a cloud layer above the fireball, or (2) a snow layer under the
fireball, or (3) a cloud layer above and a snow layer under the fire-
ball. For these variants the respective factors T' that should be
used are (1) 1.5, (2) 1.5 and (3) 2.25.

I
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SECTITON 5

S[LMW4RY AND CONCLUSIONS

In the preceding Sections of this report directions are given
for calculating the transmissivity of the atmosphere for thermal
radiation from a nuclear weapon burst of any yield and height and for
an inclusive list of sets of atmospheric and surface albedo conditions.
The directions are relatively simple and assume the availability of
only standard descriptive and quantitative information (e.g., cloud
types, cloud base heights, surface visibility) that is ordinarily
recorded at airport wcTather bureau stations.

For nuclear ,eapon bursts with effective fireball heights (for
thermal radiation) of less than one-quarter mile the transmissivity
of the atmosphere for the weapon thermal radiation is given in terms
of a formula involving visibility and based on experiments carried
out by the present author.

For nuclear weapon bursts with effective source heights (for
thermal radiation) greater than or equal to one-quarter mile and an
atmosphere that is free of clouds and characterized by a surface
visibility of 12 miles, it is shvvm, by means of phenomenological
arguments and checks against experimental results, that the trans-
missivity of the atmosphere for the weapon thermal radiation may be
found (for a given burst-target geometry) by a calculation which
assmuxies the radiation to behave as though it were all 0.65-V radiation
passing throuvh an atmosphere everyrhere two thirds as dense (optically)
as Elterman's• "clear standard atmosphere" and were attenuated by
"scattering out" only (without "buildup" or "scattering in"). Factors
are then given for modifying the values calculated for this special
atmosphere to correspond to other situations, such as atmospheres
containing cloud cover or haze (factors of from 0.1 to 1.5), and for
taking into account high surface albcdo (factor of 1.5). The factors
for taking account of a cloud layer above the fireball (factor of 1.5)
or a high surface albedo (factor of 1.5) or both (factor of 2.25) are
found to apply also to situations in which the effective fireball
height is less than one-quarter mile.
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> TRANSMISSIVITY OF THE ATMOSPHERE FOR THERMAL RADIATION FROM NUCLEAR
WEAPONS

Mathew G. Gibbons

SZSPECIAL OCD SUMMARY

The Problem

Assessment of the thermal and fire effects of a given nuclear
weapon burst on a given target requires a knowledge of the amounts
of thermal radiation delivered from the nuclear weapon fireball to
various portions of the target.. This in turn requires a knowledge
of the transmissivity of the atmosphere for fireball thermal r-dia-
tion.

The Findings

Tqe transmissivity of the atmosphere is estimated for thermal
radiation fror a nuclear weapon burst of any yield and height and
for an inclusive list of sets of atmospheric and surface-albedo
conditions. Directions are given for choosing the one of these set.
of atmospheric and surface-albedo conditions that most nearly cor-
responds to any actually specified set of such conditions.

For nuclear weapon bursts with effective fireball heights (for
thermal radiation) of less than one-quarter mile the transmissivity
of the atmospher'- --- tl f weapon tnermal rad.iation is given in terms
of a formula involving visibility and based on experiments Larried
out by the present author.

For nuclear weapon bursts with effective source heights (for
thermal radiation) greater than or equal to one-quarter mile and
an atmosphere that is free of cloudsand characterized by a surface
visibility of 12 miles, it is shown, by means of phenomenological
arguments and checks against experimental results, that the trans-
missivity of the atmosphere for the weapon therm.al radiation may be
found (for a given burst-target geometry) by a calculation which
assumes the radiation to behave as though it were all 0.65-!1 radia-
tion passing through an atmosphere everywhere two thirds as dense
(optically) as Elterman's "clear standard atmosphere" and were at-
tenuated by "scattering out` only (without "buildup" or "scattering
in"). Factors are then given for modifying the values calculated
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for this special atmosphere to correspond to other situations, such
as atmospheres containing cloud cover or haze (fectors of from 0.1

to 1.5), bnd for taking into Account high surface albedo (factor of
1.5). The factors for triking account of a cloud layer above the f1re-
ball (fLctor of 1.5) or a high surface albedo (factor of 1.5) or both
(factor of 2.25) are found to Apply also to situations in which the
effective fireball height is less than one-quarter mile.
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